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Introduction

Biological reactions are dynamic. Therefore, complete under-
standing of reaction mechanisms involves elucidation of the
various intermediate steps along the reaction path and their
rate. These kinetics aspects have been studied by a variety of
time-dependent techniques including nuclear magnetic reso-
nance (NMR),[1] circular dichroism (CD),[2] fluorescence spectros-
copy[3] and X-ray absorption spectroscopy.[4] Mass spectrometry
(MS), the focus of this work, is an additional method that has
been widely employed in kinetic studies.[5]

The application of mass spectrometry for the study of time-
dependent reactions has several distinct advantages:[5a] its con-
ceptual simplicity, its applicability to proteins assemblies of un-
limited size, and its ability to detect in a single spectrum multi-
ple reactive species. MS also enables the use of relatively low
concentrations of sample (picomolar), and the speed of analy-
sis allows capturing non-equilibrium states. Typically, reactions
are monitored by MS without artificial labeling, as this method
takes advantage of the fact that reactants, products and inter-
mediate species often have different masses. As a result, mass
measurements can be employed to detect small mass shifts re-

flecting ligand binding, catalytic processes, or changes in com-
position and assembly states.[6] Binding affinities can be esti-
mated from ion intensity ratios of the protein bound and un-
bound states.[7] In addition, considering that compact protein
structure generates low charge states, whereas unfolded pro-
teins produce wide distributions of highly protonated ions,[8]

the conformational state of the protein components can be
probed by their charge state distribution. Taken as a whole, MS
measurements present an attractive approach for monitoring
the temporal sequence of events during biomolecular interac-
tions.

To provide time-dependent MS measurements, experimental
setups usually employ a rapid-mixing apparatus to efficiently
combine the components before on-line infusion into the
mass spectrometer.[5b] A range of MS-coupled rapid-mixing de-
vices have been devised using either a stopped-flow appara-
tus,[9] capillary setup with a static mixer,[10] an adjustable posi-
tion mixer for continuous reaction monitoring,[11] or a microflui-
dic chip.[12] Various biological processes were characterized
using these devices including protein folding and unfolding re-
actions,[13] enzymatic catalysis[14] and subunit association.[15]

The continued improvement of on-line mixing techniques
remains an important avenue towards progress in MS-based ki-
netics studies. Here, we describe the construction and valida-
tion of a simple mixing apparatus for real-time analysis of bio-
logical reactions. Our experimental setup is based on the use
of a capillary apparatus designed by Wilson and coworkers[16]

in which several new features were introduced to allow contin-
uous ion flow, enhanced desolvation and improved signal-to-
noise ratios. As a proof of principle, the performance of the
device is demonstrated by measuring the unfolding kinetics of
cytochrome C (Cyt c).

Time series data can provide valuable insight into the complex-
ity of biological reactions. Such information can be obtained
by mass-spectrometry-based approaches that measure pre-
steady-state kinetics. These methods are based on a mixing
device that rapidly mixes the reactants prior to the on-line
mass measurement of the transient intermediate steps. Here,
we describe an improved continuous-flow mixing apparatus
for real-time electrospray mass spectrometry measurements.
Our setup was designed to minimize metal–solution interfaces

and provide a sheath flow of nitrogen gas for generating
stable and continuous spray that consequently enhances the
signal-to-noise ratio. Moreover, the device was planned to
enable easy mounting onto a mass spectrometer replacing the
commercial electrospray ionization source. We demonstrate
the performance of our apparatus by monitoring the unfolding
reaction of cytochrome C, yielding improved signal-to-noise
ratio and reduced experimental repeat errors.
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Results and Discussion

A capillary mixer device for characterizing biological reac-
tions at the subsecond time scale

The basic design of the mixer was first described by Wilson
and Konermann[11, 14a] and was optimized by Liuni et al.[16] Here
we describe modifications that we have introduced to the
system in order to improve the stability of the ion current and
enable simple mounting of the device in front of the mass
spectrometer orifice (Figure 1 A).

In general, the setup consists of two concentric capillaries,
an inner capillary which is inserted through an outer capillary
of larger diameter. Two reactants are supplied, one in each ca-
pillary (shown as sample A and B in Figure 1 B). A small notch,
approximately 3 mm away from the plugged tip of the inner
capillary, enables the solution from the inner capillary to
escape into the intercapillary space and mix rapidly with the
solution in the outer capillary. The reaction time depends on
the applied flow rate as well as the distance between the
mixing point and the tip of the outer capillary. While the flow
rate is set to a constant value, the distance between the capil-
laries is modulated by repositioning the inner capillary with re-
spect to the steady position of the outer capillary (Fig-
ure 1 B,C). When the tip of the inner capillary is close to the
ending of the outer capillary, then the internal volume after
mixing is small and the reaction time is short. Longer reaction
times are obtained when the end of the inner capillary is far
from the outer capillary, this increases the reaction volume and
the reaction time is extended. Unlike the variable reaction
volume, the dead volume—the intercapillary volume between
the facilitated notch and sealed tip of the inner capillary—re-
mains constant throughout the experiments.

To facilitate simple and straightforward configuration of the
capillary mixing device, we have fabricated an adaptor that
embraces the above-described capillary set-up (Figure 1 A,
item 1 and Figure 2). The adaptor is designed to enable easy
mounting onto the quadrupole/time-of-flight (Q-TOF) Synapt
mass spectrometer by using the existing platform of the stan-
dard nanoflow electrospray ionization (ESI) source. Specifically,
the adaptor replaces the manufacture’s sample sprayer (either
glass capillary or nano-LC) and is screwed onto the three-axis
manipulator (XYZ stage) (Figure 1 A, item 2 and Figure 2).
Moreover, by using an adaptable fitting, the location of the
device in respect to the mass spectrometer inlet is adjustable
enabling flexible positioning (Figure 1 A, item 5).

Our design took into account the fact that during the elec-
trospray ionization process, when a current flows through the
electrospray emitter, electrochemical reactions take place at
metal–solution interfaces.[17] These reactions, besides altering
the composition of the solution and affecting the analyte
chemical stability,[18] may also generate gas bubbles that could
interrupt the spray.[19] To overcome these undesirable side ef-
fects and achieve a steady spray, our device is composed pre-
dominantly of non-conductive material. The adapter is manu-
factured from polyoxymethylene (Delrin) (Figure 1 A, item 1)
and fused silica is used for both the inner and outer capillaries
(Figure 1 A, item 6 and 7). High voltage is supplied to the tip of
the outer capillary (Figure 1 A, item 4) through a metal syringe
needle (Figure 2 right panel) that encloses the capillary assem-
bly and is connected to the conductive stainless-steel compo-
nent embedded within the adaptor (Figure 1 A, item 3). To
ensure the steadiness of the electrical connectivity, the tip of
the outer capillary and the metal syringe needle are joined by
silver paint (see Experimental Section). Overall, this strategy
significantly improves the spray stability and improves upon
previous applications[16] in which a metal outer capillary was
employed.

Figure 1. Schematic cross-sectional diagram of the experimental device used
in this study for time-resolved ESI-MS experiments. A) To enable easy re-
placement of the manufacture’s sample sprayer with the devised mixer, the
capillary system was embraced within a Delrin fabricated adapter (1), which
is directly connected to the instrument through the three-axis manipula-
tor (2). The stainless steel component of the adaptor (3) provides the electri-
cal contact that is required for the electrospray process (4). Flexibility in the
positioning of the device in respect to the instrument orifice is achieved via
an adjustable connection unit (5). The inner (6) and outer (7) capillaries intro-
duce the reactants, samples A and B, respectively. Mixing of the two solu-
tions initiates the reaction of interest. Sample B is introduced to the system
through a third capillary, which is connected to the remaining inlet of the
tee (8). The positioning of the mixing capillary is fixed by a non-conductive
screw (9). The orange and red boxes that designate the position of the con-
nection tee and mixing unit are enlarged in panels B and C, respectively.
B) The mixing unit is built from a mixing tee that connects the inner, outer
and supply capillaries. C) Within the mixing unit, reactants flowing through
the inner capillary exit through the notch and are forced into the narrow
space between the inner and outer capillaries, where they are mixed with
the reactants from the outer capillary. The observed reaction time is adjust-
ed by changing the position of the inner capillary with respect to the fixed
outer capillary. Early reaction times are observed when the inner capillary is
positioned close to the ESI outlet. Increasing the gap between the inner and
outer capillaries correspond to larger reaction volumes and in turn later re-
action times.
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To facilitate the electrospray process, we introduced a nitro-
gen supply to act as a nebulizer and desolvation gas. This was
achieved by covering the metal syringe needle with teflon
tubing supplied with nitrogen gas (Figure 2 B, C). We pierced
the metal needle a few millimeters away from the tip to direct
the gas flow into two paths (Figure 2 C). The gas flows in the
gap between the metal needle and the teflon tubing as well
as is in the interspace between the metal needle and the outer
capillary. Both gas flows progress into the same direction facili-
tating solvent evaporation and preventing leakage of the
sample into the gap between the needle and the outer capilla-
ry due to capillary forces. The nitrogen gas flow helps to direct
the spray emerging from the capillary tip towards the mass
spectrometer orifice.

Assessing the capillary mixing device performance

We initially examined the electrospray stability of the device
by measuring the total ion current (TIC). Figure 3 shows a typi-
cal TIC trace of Cyt c. The measurements were performed
using a flow rate of 2.75 mL min�1 and the minimal reaction

time of 0.4 s, corresponding to the dead volume. Over 20 min
of data collection, the normalized TIC signal intensity was
stable ranging between 0.8 to 1.0, emphasizing the added
benefit of minimizing metal contacts and reducing gas bubble
formation.

To test the effectiveness of the system, we chose to monitor
the unfolding reaction of Cyt c, which has been extensively an-
alyzed by MS,[12, 20] making it a convenient model system for as-
sessing new MS-based methods. In this type of reaction, the
transition between the native folded state and the denatured
conformation is accompanied by changes in the charge state
distribution.[21] Unfolded states will show higher multiply
charged ion envelopes (lower m/z value) than the correspond-
ing folded or compact forms. During the experiment, acid-in-
duced unfolding of Cyt c was monitored by operating the ca-
pillary mixing device in ‘spectral mode’ in which the mixer is
fixed at various positions within the main channel.[5b] Spectral
mode allows the reaction to be monitored indefinitely at fixed
time points, facilitating the acquisition of high signal-to-noise
mass spectra.

Figure 4 shows the kinetic profile of Cyt c unfolding. At the
initial time, a rather narrow distribution of charge states be-
tween 7+ to 10+ exists, representing the compact folded state
of the protein (Figure 4 A, B). Between 1 s and 5 s, there is a de-
crease in the intensity of the 8–10+ charge states and an in-
crease in the intensities of peaks centered at 15+ , correspond-
ing to the unfolded conformation—reflecting the decay of the
folded form and formation of the unfolded state. After 5 s, the
unfolding reaction reached steady state and no significant
change in the charge state distribution was observed. Interest-
ingly, we do not detect significant population of an unfolding
intermediate, which has been reported previously.[12] This may
be due to the slightly lower time resolution of the current
device, but may also reflect a lack of side reactions occurring
in the source due to production of additional H+ ions. Our re-
sults therefore suggest two-state unfolding for Cyt c, which is
in agreement with fluorescence-based T-jump data.[22]

Notably, our results show a significant reduction in the ex-
perimental repeat errors, with an average of 4.2 % (Figure 4 A),
compared to an average of approximately 15 % for conductive

Figure 2. Images of the capillary mixing device mounted on to the Synapt
mass spectrometer. A) The capillary apparatus is embedded within a Delrin
fabricated adaptor, which is attached to the standard ionization source
three-axis manipulator (XYZ-stage). The image shows how the reactant solu-
tions, sample A and B, are introduced, the voltage and gas supply sources,
as well as the positioning of the mixing tee. For clarity, the electrospray and
gas supply regions highlighted in panel A) by red and yellow boxes are en-
larged in panel B) and C), respectively. B) This picture displays the metal sy-
ringe needle, which holds the outer capillary and provides the voltage
supply for the electrospray process as well as the teflon tubing that sur-
rounds it supplying the nitrogen gas. C) The image exemplifies the split flow
of the nitrogen nebulizing gas (see red arrows). The metal needle is pierced
a few millimeters before the tip to direct the nitrogen flow between both
the needle and the teflon tubing as well as through the interface between
the needle and the outer capillary.

Figure 3. High signal stability of the capillary mixer was recorded over
a period of 20 min. The total ion count for a 5 mm solution of Cyt c in 50 mm

NH4OAc. The flow rate was 2.75 mL min�1 and inner capillary positioning was
at 0.4 s to allow minimal reaction time. The maximum signal corresponds to
6.2 � 104 ion counts.
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capillary mixing devices.[11] We attribute this almost threefold
improvement to the high signal-to-noise ratio of the spectra
recorded with our setup.

Conclusions

Time-resolved electrospray ionization mass spectrometry em-
ploys rapid mixing devices to access short-timescale processes
in biological reactions. In the last decade, this approach was
extensively applied in combination with pulse labeling and hy-
drogen exchange methods to follow protein folding and un-
folding processes[13a, 23] as well as enzymatic reactions.[14] Here,
we describe the application of an improved rapid mixing
device for time-resolved measurements in the sub-second
region.

The mixing device we devised has the key advantage that
metal–solution interfaces were minimized (Figure 1). As a con-
sequence, spray disruption and capillary clogging due to gas
bubble formation, were drastically reduced. Moreover, our ca-
pillary mixing system is embedded within a plastic fabricated
adaptor, enabling easy mounting onto the Synapt electrospray
stage and rapid replacement of the manufacturer’s sprayer
(Figures 1 and 2). Additionally, steady spray is attained by
adding nitrogen supply to the surrounding of the outer capilla-
ry improving the desolvation and nebulizing process (Fig-
ure 2 C). The experimental setup was tested by monitoring the
unfolding reaction of Cyt c. We observe significant improve-
ment in both signal-to-noise ratio and in the error between ex-
perimental repeats.

While the device introduced in this study was mounted on
a Synapt instrument, we did not take advantage of the ion-
mobility capabilities of the instrument. In future studies, we
plan to harness this feature and record mass spectrometry ion-
mobility data sets to follow not only shifts in mass associated
with biological reactions but also structural transitions reflect-
ed by drift time measurements.[24] In addition, in the current
study, we have recorded the data exercising spectral mode
analysis, in which the inner capillary was withdrawn in discrete
steps, to allow longer acquisition time in each time point. In
upcoming experiments, by connecting the inner capillary to
a separate syringe pump and continually increasing the dis-
tance between the inner and outer capillaries, while monitor-
ing the abundance of selected ions, kinetic mode analysis may
be introduced providing detailed kinetics profiles.[25] Overall,
we anticipate that this improved rapid mixing device will open
many new possibilities for mechanistic characterization of dy-
namic enzymatic reactions, assembly pathways and subunit ex-
change reactions.

Figure 4. Unfolding kinetics of Cyt c monitored by time-resolved mass spec-
trometry. A) The kinetic profile of acid induced denaturation of Cyt c. The
depletion of folded Cyt c (*) and the formation of unfolded species (*) is
demonstrated. The plot was generated by measuring the signal intensity of
charge states 7–20+ at different time points after mixing Cyt c with 5.0 %
AcOH. Error bars represent the average error of three independent experi-
ments. Solid lines are fits to the experimental data. B) Representative ESI-MS
spectra recorded at different time points, 1.06, 2.14 and 5.95 s, during un-
folding.
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Experimental Section

Reagents

AcOH (�99.7 %), NH4OAc and horse heart cytochrome c (Cyt c)
were obtained from Sigma–Aldrich. Methanol (HPLC supra reagent)
was purchase from Bio-Lab (Jerusalem, Israel). Deionized H2O was
obtained from a Direct-Q3 system (Millipore, France).

Time-resolved capillary mixer

The device was constructed in-house using fused silica capillaries
(Polymicro Technologies, Phoenix, AZ, USA), a PEEK tee with
a 0.02’’ hole size (Upchurch Scientific, Oak Harbor, WA, USA), a fin-
gertight fitting F-300 1/16’’ OD (Upchurch Scientific), a sealing
sleeve 1/16x.0155 � 1.55’’ (Upchurch Scientific), a syringe needle
21G 1 1/2“ (Microlance 3, Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) and silver paint (Agar Scientific, Stansted, UK). The
tee is fitted within a fabricated Delrin adaptor manufactured at the
Weizmann Institute warehouse.

Initially, the inner capillary (i.d. 20 mm, o.d. 90 mm, about 40 cm
length) was sealed at its end and a notch was etched 3 mm up-
stream the sealed edge using a Versa-Laser engraving device (Uni-
versal Laser, Scottsdale, AZ, USA). The following parameters were
used: speed 25 %, pulses per inch 500 and thickness 0.1 mm. The
power altered between 7 % and 100 % depending whether a notch
or seal were introduced, respectively. Only 1–2 exposures were re-
quired to seal the edge, while 4–5 repetitions were applied for
notch formation. The capillary was pre-conditioned with deionized
H2O prior to the laser treatment.

The treated inner capillary was passed through the mixing tee and
inserted into the 15 cm long outer capillary (o.d. 360 mm, i.d.
150 mm). The outer capillary was fixed to the adaptor by threading
it into a sealing sleeve that was pre-attached to the Delrin adaptor.
Flexibility in the positioning of the inner capillary was achieved
using a fingertight fitting. The tip of the outer capillary was passed
into a syringe needle and connections were attached with silver
paint (Agar Scientific). A third capillary (o.d. 360 mm, i.d. 150 mm)
was inserted into the remaining vertical port of the tee in order to
deliver the solution to the outer capillary. Both inner and supply
capillaries were connected to 100 mL Hamilton syringes via Luer-
lock systems (Upchurch Scientific). The syringes were fitted into
the same syringe pump (infusion 400, Chemyx, Stafford, USA)
using a flow rate of 2.75 mL min�1 giving a dead time of 0.4 s. Nitro-
gen supply was introduced by teflon tubing encompassing the sy-
ringe needle.

Sample preparation

For verifying system performance, the unfolding reaction of Cyt c
was examined. Solution flowing in the inner capillary contained
5 % AcOH (v/v) in deionized H2O. The outer capillary solvent was
comprised of 10 mm Cyt c dissolved in deionized H2O, pH 7.0.

MS experimental conditions

ESI MS measurements were carried out on a Synapt HDMS system
(Waters Corp. , UK) adapted for high-mass measurements.[26] Typical
settings were: capillary voltage, 3.5 kV; cone voltage, 70 V; extrac-
tion cone voltage 2 V; trap collision energy, 5 V; transfer collision
energy 6 V; bias 40 V and backing pressure, 2.0–2.8 mbar. All ESI-
MS experiments were carried out at RT.

Reactions were initiated by mixing the two solutions at the outlet
of the inner capillary. The data was obtained for 20 different time
points, ranging from 1.06 s to 28.29 s. Spectra were recorded using
the spectral mode by monitoring the entire mass spectrum of the
reaction at fixed distances between the inner and outer capilla-
ries.[11] For every time point, three independent experiments were
acquired, in which 180 s acquisition time was summed and ana-
lyzed without smoothing.

The calculated reaction time is the sum of the dead time and in-
creasing mixing volume as a function of the solution’s linear veloci-
ty at a fixed volume for each time point. Relative abundances were
assessed from the peak heights of the species being monitored.
Line-fitting was achieved using Sigmaplot v11.0.0.77 by Systat Soft-
ware Inc. (San Jose, CA, USA) and error bars represent standard de-
viations from the mean.
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